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LITHIUM ISOTOPE SE PA R A TIO N BY ELEC TR O LYSIS
In tro d u c tio n . A n u m b e r of e x p e r im e n ts c o n c e rn e d w ith th e s e p a r a tio n of lith iu m is o to p e s a r e d e s c r ib e d in th e p u b lish e d l i t e r a t u r e .
In th e e a r l i e s t , an d a c tu a lly th e l a r g e s t s c a le , of th e s e e x p e r im e n ts G. N. L e w is and R . T . M acD o n ald ( J . A . C . S . 5 8 , 2519 (1936) ) allo w ed a s p r a y of lith iu m a m a lg a m d r o p le ts to fa ll down th ro u g h lith iu m s a lt s o lu tio n s in a 1 8 -m e te r c o lu m n .
T he s a lt s o lu tio n s u s e d w e r e L iC l in a b s o lu te eth y l alc o h o l an d L iB r in an e th a n o l-d io x a n e m ix tu r e . The
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L i w a s c o n c e n tr a te d at th e b o tto m of th e c o lu m n ; a t o r n e a r e q u ilib riu m fo r a c o u n te r -c u r r e n t p r o c e s s th e y o b ta in e d L i^ of ab o u t tw ic e th e n a tu r a l ab u n d a n c e . H. C. U re y (J. C h em . Soc. 1947, 562) e s tim a te d fo r th is e x p e r im e n t a sin g le sta g e s e p a r a tio n f a c to r a = 1. 025.
C h e m ic a l ex ch an g e m e th o d s h av e b e e n t r i e d . T . I. T a y lo r and H. C. U re y found no is o to p ic e n r ic h m e n t fo r th e p a r titio n of L iB r b e tw e e n w a te r and m e th y la m y l alco h o l ( J . C h e m . P h y s . 5 , 597 (1937)) and slig h t fra c tio n a tio n by z e o lite ex ch a n g e (J. C h em . P h y s . 6, 429 (1938) ).
A . K le m m , H. H i n t e r b e r g e r , an d P . H o e r n e s (Z. N a tu r f o r s c h . A n u m b e r of in v e s tig a to r s h av e found a c o n s id e r a b le iso to p ic fra c tio n a tio n f o r th e e le c tr o ly tic d e p o s itio n of L i^ io n s a t a m e r c u r y cath o d e to f o r m lith iu m a m a lg a m . T a y lo r and U rey, in p a p e r s a lr e a d y r e f e r r e d to, s tu d ie d th e e l e c tr o l y s i s of a q u eo u s L iC l and a q u eo u s L iO H ; -2 th e y give a = 1. 039 fo r L iC l a t c u r r e n t d e n s ity 0 .6 2 a m p . c m H. L .
Jo h n sto n and C. A . H u tc h iso n (J. C h em . P h y s . 8, 869 (1940) ) found fo r L iC l in w a te r o r in a b s o lu te eth an o l a = 1. 055 -0. 005, in d e p e n d e n t of te m p e r a t u r e , of a m o u n t of cath o d e b a c k r e a c tio n (in th e rauige of c u r r e n t e f fic ie n c ie s 0 .2 5 to 0 .6 5 ), and of current* d e n s ity b e tw e e n 0 . d iffe re n c e b e tw e e n th e s e r e s u l t s a r e m o r e lik e ly in th e is o to p ic a n a ly tic a l m e th o d s u s e d th a n in th e e x p e r im e n ta l co n d itio n s.
O ak R idge N atio n al L a b o r a to r y r e p o r t s o u tlin e w o rk on lith iu m iso to p e s e p a r a tio n by ex ch an g e r e a c tio n s , p r i m a r i l y th o s e involving lith iu m a m a lg a m , and by m o le c u la r d is tilla tio n (ORNL 50-6-161), and
by th e e le c tr o m a g n e tic m e th o d (ORNL 5 0 -6 -1 7 7 ).
A n a ly s is of th e E l e c tr o l y s i s P r o b le m . T he s u r v e y above su g g e s ts th a t th e s e p a r a tio n of lith iu m is o to p e s by e l e c tr o l y s i s v e r y p ro b a b ly w ould be c o n s id e r a b ly m o r e e c o n o m ic a l th a n th e e le c tr o m a g n e tic m e th o d p ro v id e d s o lu tio rs c a n be found to c e r t a in p r a c t ic a l p r o b le m s a s s o c ia te d w ith the d e s ig n of a s im p le m u ltis ta g e e le c tr o l y s i s a p p a r a tu s . If a w a te r so lu tio n of lith iu m s a lt is the e le c tr o ly te p r o v is io n m u s t be m a d e in th e d e s ig n fo r a la r g e v o lu m e of g as ev o lv ed and fo r th e cath o d ic c u r r e n t in e ffic ie n c y : o r d in a r ily ab o u t 30% of th e cath o d e c u r r e n t goes to p ro d u c e th e n e t r e a c tio n 2H O + 2e = H + 2 0 H . If n o n -a q u e o u s
s y s te m s a r e c o n s id e r e d th e cath o d e c u r r e n t e ffic ie n c y can be m u c h h ig h e r th a n 70% an d th e g a s ev o lu tio n c o rre s p o n d in g ly l e s s , but su ch a s y s te m n e e d s to be found and v e r y p ro b a b ly h ig h e r e l e c tr i c p o w er c o s ts w ill r e s u l t b e c a u s e of th e lo w e r s p e c ific c o n d u c ta n c e s of n o na q u e o u s e l e c tr o l y te s . E s s e n tia lly th e s e tw o a p p r o a c h e s h av e b e e n follow ed in th is r e s e a r c h ; th e n o n -a q u e o u s s y s te m s w ill be d e s c r ib e d f i r s t alth o u g h th e a q u e o u s s y s te m s a r e n o w m o r e p r o m is in g . Ld a r e la tiv e v is c o s ity of 1. 725 (at 2 5°C ). T h is s u b s ta n c e , w h ich we r e f e r to a s ED A , is know n to be a good io n izin g so lv e n t and to be u n u s u a lly in e r t to w a r d a lk a li m e ta ls ( G .L . P u tn a m and K. A. K obe, T r a n s . E le c tr o c h e m . Soc. 74, 609 (1938) ). We h av e d e te r m in e d the s o lu b ility of L i I in ED A to be 0. 9 g r a m f o r m u la w e ig h ts p e r l i t e r at r o o m t e m p e r a t u r e . W hen L i 1 is d is s o lv e d in ED A th e r e is a la rg e h e a t ev o lu tio n , and th e su b se q u e n t s o lid p h a s e is c e n ta in ly L i I* x ED A .
T he s p e c ific r e s i s t a n c e of th is so lu tio n is ro u g h ly 50 o h m s , w h ich is o nly tw o o r t h r e e ,t i m e s th a t of a w a te r so lu tio n of th e s a m e c o n c e n tra tio n . A fin al t e s t of th e s u ita b ility of ED A fo r th is p u r p o s e is a t e s t of th e "e ffe c tiv e cath o d e e ffic ie n c y " , th a t is of th e f r a c tio n of in itia l a m a lg a m re m a in in g u n o x id ized a f te r e l e c tr o l y s i s f r o m anode to c a th o d e a m a lg a m s . In a s im p le e x p e r im e n t it co uld o n ly be d e t e r m in e d th a t th is e ffic ie n c y was. a t le a s t 80 o r 90% , b e c a u s e of h an d lin g lo s e s and a s s a y e r r o r ; th is w a s p r i m a r i l y due to th e la c k of v a c u u m lin e f a c ilitie s fo r th e w o rk . C o n se q u e n tly a c e ll w a s s e t up in w hich e a c h e le c tr o d e w a s 3 .5 m l of in itia lly 0 .4 7 F a m a lg a m ; th e e le c tr o ly te w as about 10 m l of 0. 8 F L i I in ED A . T he a v e r a g e c u r r e n t w ith an im p r e s s e d em f of 6 .2 v w a s 54 m i l l i a m p e r e s . A t th is c u r r e n t a ll th e lith iu m a t th e anode w ould h a v e b e e n o x id iz e d in 49 m in u te s . A c tu a lly th e anode and cath o d e w e r e r e v e r s e d a t 5 -m in u te in te r v a ls by a tim e -s w itc h .
T he c e ll r a n w ith o u t in te r r u p tio n and w ith a lm o s t n e g lig ib le g as e v o lu tio n fo r 72 h o u r s . T he r e la tiv e a m o u n ts of lith iu m in e a c h a m a lg a m w e re fo llo w ed by m e a s u r e m e n t s of th e b a c k em f, and c ru d e e s tim a te s of th e a b s o lu te c o n c e n tra tio n of th e a m a lg a m s could be m a d e f r o m the ch an g e in b a c k e m f d u rin g th e tim e c y c le . A fte r 72 h o u r s th e a v e ra g e a m a lg a m c o n c e n tra tio n (by c h e m ic a l a n a ly s is ) w as dow n to 0 .2 0 F , or 41% of th e o r ig in a l v a lu e . In 72 h o u r s th e in itia l a m o u n t of lith iu m (a m a lg a m ) w ould h av e b e e n d e p o s ite d 44 ti m e s , so th e " e ffe c tiv e cath o d e e ffic ie n c y " is 100 -100 -41 = 9 8 .7 % . A c tu a lly th is fig u re is 44 a lo w e r lim it; s o m e of th e a m a lg a m lo s s m u s t h av e b e e n due to a t r a c e of w a te r in th e e le c tr o ly te , th o u g h we s u s p e c t th a t about 99% is th e t r u e " e ffe c tiv e cath o d e e ffic ie n c y " fo r th is s y s te m , at th e c u r r e n t -2 d e n s ity of 0. 017 a m p . c m T he " e ffe c tiv e cath o d e e ffic ie n c y " d e te r m in e s th e r a t e a t w h ich be w o rk in g a t th e o r e tic a l e ffic ie n c y fo r is o to p e fra c tio n a tio n . If th is is to be th e co n d itio n at th e 100th p la te th e n fo r 99% "e ffe c tiv e cath o d e e ffic ie n c y " th e m e c h a n ic a l (d ro p w ise ) lith iu m t r a n s p o r t w ill b e 100 ti m e s th e e l e c t r i c a l t r a n s p o r t a t th e 1st. c e ll and th is c e ll w ill b e e x t r e m e l y in e ffic ie n t fo r is o to p e s e p a r a tio n . If th e w o r s t c e ll, th e 1st.
is to be ab o u t 50% e ffe c tiv e in iso to p e s e p a r a tio n , th e n a sin g le co lu m n m a y n ot h av e m o r e th a n 50 c e lls .
T h is lim ita tio n is tr o u b le s o m e . A lso th e p r e p a r a t io n of a n h y d ro u s ED A is n o t w ith o u t d iffic u lty . (T h at u s e d in th e s e e x p e r im e n ts w a s v e r y k in d ly p r e p a r e d by D r. A r th u r M u r r a y of th e o rg a n ic c h e m i s t r y s e c tio n of g ro u p H -4 by d is tilla tio n o v e r so d iu m of th e E a s tm a n K odak C o. ED A h y d r a te . ) P o s s ib ly s o m e b e tte r so lv e n t could be found. O u r s e a r c h of th e l i t e r a t u r e s u g g e s te d a s an a lte r n a te ty p e of co m p o u n d e th y le n e cy an id e ( s u c c in o n itrile ), N C -C H _ -C H -C N . 
in th is w ay th e h y d ro g e n ev o lu tio n w ould be s p e e d e d up. P o s s ib ly th e s e tw o fu n c tio n s co u ld be co m b in e d into th e s a m e p h y s ic a l c o m p a r t m e n t. T h e r e a r e s e v e r a l d is a d v a n ta g e s w ith su c h a r r a n g e m e n ts .
T h ey a r e n o t e c o n o m ic a l of s p a c e , an d in a s e n s e a r e w a s te fu l of e le c tr i c p o w e r in th a t th e b a c k e m f in e a c h sta g e is m o r e th a n 2 v o lts . A lso v e r y la r g e c u r r e n t s a t v e r y low v o ltag e a r e r e q u ir e d , a l th o u g h p o s s ib ly s e v e r a l su c h e n tir e a s s e m b l ie s m ig h t be c o n n e c te d in s e r i e s . P e r h a p s m o r e s e r io u s is th e f o r m a tio n of s o lid lu m p s of nrxerc u ry Dxide in s ta g n a n t a m a lg a m c a th o d e s , p r e s u m a b ly by th e r e a c tio n of m e r c u r y w ith p e ro x id e w h ich h a s d iffu sed f r o m th e an o d e.
We h av e t r ie d to find a d e s ig n th a t w ould p e r m i t s e r i e s o p e r a tio n of th e s u c c e s s iv e s ta g e s a s in th e n o n -a q u e o u s c o lu m n a lr e a d y d e s c r ib e d . W ith a cath o d e e ffic ie n c y of ab o u t 70% it is e s s e n ti a l to p ro v id e fo r a c o r r e s p o n d in g ly low anode e ffic ie n c y ; th a t is , s o m e r e a c tio n o th e r th a n L i = L i + e m u s t a ls o o c c u r a t th e a n o d e s so th a t T he s a m e w a s tr u e of th e follow ing co m p o u n d s e x c e p t th a t th e y w ould p r e v e n t H g^O f o r m a tio n at v e r y low c u r r e n t d e n s itie s : e th a n o la m in e , d ie th a n o la m in e , is o a m y l c a r b a m a te , u r e a , g u an id in e, a m in o g u a n id in e , d ic y a n d ia m id in e , d ic y a n d ia m id e , e th y le n e To id e n tify th e n e t r e a c tio n th e volunrie of amode g as p e r e le c tr i c e q u i v a le n t w a s m e a s u r e d ; it w a s 0 .2 5 m o le of g a s . T he r e d u c tio n e q u iv a le n t p e r m o le of SCA w a s found by ti tr a t io n a g a in s t Hg O to be v e r y n e a r l y 4 e q u iv a le n ts ; in th is r e a c tio n th e g as ev o lv ed is v e r y n e a r ly one m o le p e r m o le of SCA. A ll th is ev id e n c e is c o n s is te n t w ith th is h a lf -r e a c tio n :
H -N -C 0 -N H -N H _ + 6 0 h ' = CO " " + N H .O H + N . + 3 H ,0 + 4 e" 2 2 3 4 2 2
E v e n a t 4 e q u iv a le n ts p e r m o le SCA is v e r y e x p e n s iv e fo r th is p u r p o s e ; u n le s s it could be m a d e in q u a n tity at le a s t one h u n d re d ti m e s c h e a p e r th a n th e E a s tm a n K odak C o m p an y r e t a i l p r ic e ( 0. 03 g .l ) it co u ld not T he o th e r anode d e p o la r iz e r th a t w o rk e d w as s u lfu r dioxide ( p r e s e n t a s su lfite ion in th e a lk a lin e so lu tio n ) w h ich w as a t th e anode o x i d iz e d to s u lfa te io n . C o m m e r c ia l SO-is s u ffic ie n tly ch e a p th a t c o st C d fo r th is ite m w ould not be p ro h ib itiv e ; h o w e v e r th e b u ild -u p of su lfate ion c o n c e n tra tio n co uld p r e s e n t d iffic u ltie s .
be c o n s id e r e d . M o re o v e r th e b y p ro d u c ts w ould h av e to be r e m o v e d b e c a u s e I-ii CO is only s lig h tly so lu b le and NH OH a t h ig h c o n c e n tr a tio n s
A q u eo u s E l e c tr o l y s i s w ith o u t A node D e p o la r iz e r s .
T he d iffi c u ltie s in anode d e p o la r iz a tio n by c h e m ic a l m e a n s le d u s to d e v is e a s y s te m of e l e c tr o l y s i s c e lls in w h ich anode e ffic ie n c ie s fo r th e r e a c tio n L i = L i^ + e can be a s s m a ll a s 70% o r s m a l le r w ith o u t th e ad d itio n of s p e c ia l r e a g e n ts . One id e a w h ich w a s t r i e d w a s th is :
sin c e lith iu m a m a lg a m w e ts m e ta ls b e t te r th a n p u re m e r c u r y , a su ita b le m e ta l m ig h t b e c o v e re d w ith lith iu m a m a lg a m and s e r v e a s anode! w hen th e lith iu m w a s e x h a u s te d th e m e r c u r y w ould fa ll off an d e x p o s e th e in e r t m e ta l w h e re oxygen w ould be lib e r a te d by th e c u r r e n t .
We t r i e d p la tin u m , p a lla d iu m , c o p p e r, ta n ta lu m , s ilv e r , and g ra p h ite .
A ny of th e s e th a t w e r e w et by lith iu m a m a lg a m in th e p r e s e n c e of w a te r (all w e r e w et by d r y a m a lg a m ) w e r e a ls o w et by m e r c u r y .
We so u g h t in th e l i t e r a t u r e w ith o u t s u c c e s s fo r s o m e liq u id a m a lg a m th a t w a s s u ffic ie n tly i n e r t to o x id ize w a te r to oxygen a s an T h is a r r a n g e m e n t is show n in F ig u r e Z. T he m o s t n e g a tiv e m e r c u r y p lic a tio n s . B e tte r cooling th a n th e s im p le o u te r ja c k e t could be in th e f o r m of s ta in le s s s te e l in te r n a l tu b e s , w hich m ig h t be so p la c e d and co n n ec ted a s to s e r v e a ls o a s th e s h ie ld e le c tr o d e s .
If th e f a c to r p e r sta g e is 1. 05 ( e s tim a te d a s b e fo re ) th e n ab o u t 150 c e lls m ig h t be u s e d .
(B e c a u se of th e chan g in g L i c o n c e n tra tio n in the e le c tr o ly te so m e c e lls w ould be o p e r a te d f u r th e r f r o m e q u ilib r iu m th a n o th e r s . ) T h is m a n y c e lls w ould m e a n a le n g th of about 12 fe e t. If th e c r o s s s e c tio n w e r e 20 in c h e s by 20 in c h e s , th e n a c u r r e n t of ab o u t 300 a m p . ( or m o r e ) co u ld be p a s s e d ; th e v o ltag e w ould be ab o u t 450v. T he lith iu m w ould be tr a n s p o r t e d (e le c tr o ly tic a lly ) at th e r a te of 0 . 866 9 6 ,5 0 0 5 300 X 0. 866 X 10 X 7 = 1900 g r a m s p e r day.
T akin g a c c o u n t of th e 7. 3% ab u n d an ce of L i and a ssu m in g s trip p in g by ab o u t 20% of th e t r a n s p o r t we e s tim a te th e r a te of p ro d u c tio n of 6 / . L i (95% p u re ) a s ro u g h ly 30 g r a m s p e r d ay fo r su c h a u n it. T he p o w er 5 is abo u t 300 x 450 x 1. 3 = 1. 75 x 10 w a tts . T he c o s t of p o w e r only 6 p e r g r a m of L i p ro d u c e d , a t 0. 005 p e r kw h, is ro u g h ly 0. 70.
C o s ts o th e r th a n fo r p o w e r a r e n ot so e a s y to e s ti m a t e . C o st fo r s u p e r v is io n fo r a u n it of th is s iz e m ig h t s lig h tly e x c e e d th e p o w er c o s t, but w ould tr e n d d o w n w a rd fo r a l a r g e r u n it o r fo r s e v e r a l u n its .
M a in ta in a n c e c o s ts sh o u ld not e x c e e d p o w e r c o s t. P la n t a m o r tiz a tio n c o s ts can h a r d ly be g u e s s e d w ith o u t s o m e e n g in e e rin g d e v e lo p m e n t.
T he d e v e lo p m e n t c o s t its e lf is q u ite u n c e r ta in , but m ig h t e a s ily be le s s fo r th is m e th o d of s e p a r a tio n th a n fo r m o s t o th e r m e th o d s u n d e r in v e s tig a tio n .
